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SMC/kleisin complexes form elongated annular structures, which are critical for chromosome segregation,
genome maintenance, and the regulation of gene expression. We describe marked structural similarities be-
tween bacterial and eukaryotic SMC/kleisin partner proteins (designated here as ‘‘kite’’ proteins for kleisin
interacting tandem winged-helix (WH) elements of SMC complexes). Kite proteins are integral parts of all
prokaryotic SMC complexes and Smc5/6 but not cohesin and condensin. They are made up of tandem
WH domains, form homo- or heterodimers via their amino-terminal WH domain, and they associate with
the central part of a kleisin subunit. In placental mammals, the kite subunit NSE3 gave rise to several (>60)
kite-related proteins, named MAGE, many of which encode tumor- and testis-specific antigens. Based on
architectural rather than sequence similarity, we propose an adaptedmodel for the evolution of the SMC pro-
tein complexes and discuss potential functional similarities between bacterial Smc/ScpAB and eukaryotic
Smc5/6.Background
Multi-subunit structural maintenance of chromosomes (SMC)
complexes have manifold functions in genome maintenance.
They promote a range of processes including chromosome
condensation and sister chromosome resolution in mitosis,
sister chromatid cohesion, post-replicative DNA repair, and
the regulation of gene expression (Jeppsson et al., 2014;
Kschonsak and Haering, 2015; Nasmyth, 2011). At least
six distinct SMC genes are encoded in eukaryotic genomes
(Smc1–6) with the exception of some parasitic protozoa
(including Trypanosoma and Leishmania), which apparently
lack genes for Smc5 and Smc6 (Gluenz et al., 2008).
The six proteins form three SMC heterodimers (cohesin
Smc1/Smc3, condensin Smc2/Smc4, and Smc5/Smc6),
which associate with a kleisin subunit and one or more periph-
eral subunits (Figure 1A). In prokaryotes, two Smc proteins
interact with each other and with a kleisin ScpA, which is
bound to a homodimer of ScpB (Figure 1B). In some branches
of g-proteobacteria, the MukBEF complex, which is only
distantly related by sequence to all other SMC complexes,
apparently substitutes for Smc/ScpAB. Another distantly
related SMC complex, called MksBEF, coexists with
Smc/ScpAB or MukBEF in some bacterial species (Petrush-
enko et al., 2011).
SMC/Kleisin Architecture
SMC proteins share a unique molecular architecture (1,000–
1,500 residues) centered around a 50-nm long intramolecular
coiled coil that is attached to a globular ‘‘hinge’’ domain at
one end and an ABC-type ATPase ‘‘head’’ (including WalkerStructureA and B box-sequence motifs) at the other (Haering et al.,
2002; Melby et al., 1998). Dimerization of SMC proteins oc-
curs via the hinge domains and in an ATP-dependent manner
also at the SMC head domains. The long SMC coiled coils
also physically associate with one another in Smc/ScpAB
and eukaryotic condensin (Barysz et al., 2015; Soh et al.,
2015). Canonical kleisin subunits have two conserved
sequence elements (Palecek et al., 2006; Schleiffer et al.,
2003), which form binding sites for distinct interfaces on a
given SMC dimer (Figures 1B and 1C). Its C-terminal segment
folds into a winged-helix (WH) domain, which binds to the bot-
tom surface of one SMC head domain (Figures 1B and 1C)
(Burmann et al., 2013; Haering et al., 2004). The N-terminal
part of kleisin folds into a helical bundle together with the
head proximal coiled coil of the other SMC protein (Figures
1B and 1C) (Burmann et al., 2013; Gligoris et al., 2014). These
tripartite rings made up of two SMC and one kleisin subunit
form the central core of any bona fide SMC protein complex,
whose functions likely hinge upon the ability to entrap chro-
mosomal DNA fibers within the ring circumference (Cuylen
et al., 2011; Gligoris et al., 2014; Wilhelm et al., 2015).
Whereas the C-terminal domain of kleisin MukF binds to
MukB (SMC) via a canonical interface, its N-terminal domain
is somewhat unorthodox. It creates MukF dimers through
extensive homotypic interactions (Figure 1B) (Fennell-Fezzie
et al., 2005; Woo et al., 2009). Whether this domain also binds
directly to MukB is currently unknown. Whatever architecture
the MukBEF holo-complex might adopt, it likely performs its
functions in a manner analogous to all other SMC/kleisin rings
(Badrinarayanan et al., 2012).23, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2183
Figure 1. Architectural Similarities and
Differences Across SMC Complexes
(A) Overview of the subunit composition of pro-
and eukaryotic SMC complexes. For simplicity,
subunits of condensin II are omitted from the table.
k- and n-SMC denote SMC proteins binding to
kleisin’s C-terminal WH domain and N-terminal
helical bundle, respectively (Burmann et al., 2013).
KiteA and kiteP designate kite proteins binding to
anterior and posterior segments of kleisin,
respectively (Kamada et al., 2013). Asterisks indi-
cate non-canonical dimeric kleisin subunits (Woo
et al., 2009).
(B) Schematic representation of the architecture of
Smc/ScpAB and MukBEF.
(C) Representation of eukaryotic SMC complexes.
Arrows indicate putative evolutionary relation-
ships of different SMC/kleisin complexes. Dashed
boxes mark the position of cartoon crystal struc-
tures depicted at the bottom right-hand corner of
several schemes. Full versions of the miniature
cartoon models of kleisin/kite and kleisin/heat
structures are shown in Figure S3.
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Incontrast to theSMCandkleisin ringsubunits, theperipheralpro-
teins are thought to be much more divergent, possibly featuring
separate evolutionary origins and serving unique regulatory roles
and other tasks specific to a given type of SMC (Figure 1A). How-
ever, here we report the striking structural similarity between pro-
karyotic ScpB andMukE subunits and eukaryotic Nse1 and Nse3
proteins, implying that these proteins are much more conserved
than previously anticipated and suggesting that, in structural
and possibly also in functional terms, the closest eukaryotic rela-
tive of Smc/ScpAB (and MukBEF) might be the Smc5/6 complex
(rather thancohesin or condensin; Figures 1Band1C). These find-
ings imply that kite proteins are integrally involved in the basic
mechanism of action of several SMC/kleisin complexes.2184 Structure 23, December 1, 2015 ª2015 Elsevier Ltd All rights reservedThe Structure of Kite Proteins
Crystal structures of several peripheral
SMC subunits have become available in
recent years, including sub-complexes
of Smc/ScpAB, MukBEF, and Smc5/6
with respective kite subunits (Burmann
et al., 2013; Doyle et al., 2010; Gloyd
et al., 2011; Kamada et al., 2013;
Kim et al., 2006, 2008; Woo et al.,
2009). We noticed that all kite
proteins (i.e. ScpB, MukE, NSE1, and
NSE3(MAGEG1)) are made up of tandem
WH domains. When searching the PDB
database for proteins bearing structural
similarity to human NSE1 and NSE3
(PDB: 3NW0) using the FATCAT algo-
rithm (Ye and Godzik, 2004), we found
bacterial ScpB proteins (PDB: 1T6S,
2Z99, and 3W6J) among the top ranked
hits (Figure S1A). Structures of MukE
(PDB: 3EUK), MAGEA3 (PDB: 4V0P),
and MAGEA4 (PDB: 2WA0) were aligned
similarly well with ScpB (Figure S1A),
implying significant structural conserva-tion among and between kite and MAGE proteins. We wondered
whether bacterial and eukaryotic kite proteins would also share
remote sequence similarity. To test this, we first performed
BLAST searcheswith bacterial ScpB orMukE protein sequences
on eukaryotic sequence databases and vice versa. However, we
failed to identify significant hits with full-length sequences or
isolated WH domains, suggesting that any level of sequence
similarity is below the detection limit (data not shown). HHsenser
searches picked up WH domain proteins across the domain
boundaries of eukaryotes with bacteria and archaea but failed
to specifically identify kite relatives (data not shown) (Soding
et al., 2006). We next collected a diverse set of bacterial ScpB,
MukE, and MksE protein sequences, and eukaryotic Nse1,
Nse3, and MAGE sequences, and aligned them based on
Figure 2. A Conserved Kite/Kite Interface
Located at the WHA
Side and top views of different kite dimers in rib-
bon representation. Labeling of helices and sheets
are kept consistent between the different struc-
tures. The dimerization interface is created by
head-to-head arrangement of hydrophobic resi-
dues emanating from helix a1, residues within the
a3-b1 loop, and residues located C-terminal to the
b2-sheet (helix a4 or a loop).
(A) Human NSE1/NSE3 dimer (PDB: 3NW0). Nse1
and Nse3 features are shown in black and red,
respectively.
(B) Streptococcus pneumoniae ScpB/ScpB (PDB:
4I98).
(C) Escherichia coli MukE/MukE (PDB: 3EUH).
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tions (Figure S2). The pattern of hydrophobic residues is
conserved between the different classes of kite proteins, which
is to be expected from their shared fold. However, no other obvi-
ously conserved sequence elements were delineated.
We also noticed that in all dimer-containing crystal structures
(PDB: 2Z99, 3EUH, 3EUK, 3NW0, 3RPU, 3W6J, 3W6K, 4I98),
with one exception (PDB: 1T6S, Chlorobium tepidum ScpB),
WHA domains are involved in monomer-monomer interactions
resulting in NSE1/NSE3(MAGEG1) heterodimers as well as
ScpB/ScpB and MukE/MukE homodimers (Figure 2). Intrigu-
ingly, the relative organization of the two interacting WHA do-
mains is similar in these structures. Generally, an interface is
created by the head-to-head arrangement of hydrophobic resi-
dues emanating from helix a1, residues within the a3-b1 loop,Structure 23, December 1, 2015 ªand residues located C-terminal to the
b2-sheet (helix a4 or a loop). In MukE,
there is an additional helix located at the
very N terminus of the protein (a0), which
also appears to contribute to dimer for-
mation (Figure 2C).
Tens of NSE3-like genes (and pseudo-
genes) emerged during the evolution of
placental mammals. Several of these
NSE3 paralogues, called MAGE, were
originally identified as melanoma-associ-
ated antigens (Barker and Salehi, 2002;
Chomez et al., 2001). The WHA and
WHB structures in MAGEA3 (PDB: 4VP0)
and MAGEA4 (PDB: 2WA0) are similar to
the ones seen in NSE3(MAGEG1) (Doyle
et al., 2010). However, the relative WHA/
WHB orientation differs in MAGEA3 and
MAGEA4 such that the putative kite
dimerization interface is sterically blocked
by C-terminal loops. Indeed, experi-
mental data are consistent with the notion
that MAGEA3 and MAGEA4 have lost the
ability to bind to NSE1 (Hudson et al.,
2011) (J.J.P., unpublished data). Instead,
MAGEA3 interacts with another E3 ligase
protein, TRIM28, which is structurally
unrelated to NSE1 or to any other kiteprotein (Pineda et al., 2015). Consistent with these findings,
Smc6 pull-down experiments from human cell (HeLa)
extracts identified all canonical Smc5/6 subunits, including
NSE3(MAGEG1), but no other MAGE protein, implying that they
are not commonly part of the Smc5/6 holo-complex (Hudson
et al., 2011; Raschle et al., 2015; Taylor et al., 2008).
Kleisin/Kite Interactions
All kite proteins of multi-subunit SMC complexes are thought
to interact directly with a member of the kleisin family of proteins.
In thecaseofScpABandMukEF, thedetails of theseassociations
are known from several independent crystal structures (Burmann
et al., 2013; Gloyd et al., 2011; Kamada et al., 2013; Woo et al.,
2009). TheScpBkite dimer displays several points of contactwith
an extended peptide centrally located within ScpA, i.e. between2015 Elsevier Ltd All rights reserved 2185
Figure 3. Kite Proteins Bind Kleisin Helices
Via Their WHB Pockets
The C-terminal WH domain of anterior (left panels)
and posterior (right panels) kite proteins are shown
together with interacting fragments of the
respective kleisin subunit.
(A) Model of the human NSE3 WHB pocket (PDB:
3NW0) bound to a NSE4b conserved helical motif
[in purple; generated by HADDOCK docking (de
Vries et al., 2010) based on experimental data from
(Guerineau et al., 2012; Hudson et al., 2011)].
(B) Streptococcus pneumoniae ScpB anterior
WHB pocket (PDB: 4I98.C) bound to an amino-
terminal ScpA helix (amino acids 94–114) (left
panel) and posterior WHB pocket (PDB: 4I98.B)
bound to a C-terminal ScpA helix (PDB: 4I98.A)
(right panel).
(C) Escherichia coli anterior MukE WHB pocket
(PDB: 3EUH.C) bound to a MukF helix (amino
acids 296–311; PDB: 3EUH.A) (left panel). In the
posterior MukE (PDB: 3EUH.D), the pocket for
MukF is occupied by helix a5 (right panel).
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bound to more amino-terminal ScpA sequences is referred to
as an anterior kite (kiteA), the other monomer is designated as a
posterior kite (kiteP) (Kamada et al., 2013). Anterior and posterior
kite subunits interactwithScpAbypositioninghelixa1 in theWHB
domain perpendicular to an a-helical segment of ScpA
(Figure 3B). The ScpA peptide between the WHB binding sites
(20 amino acids in length) folds into a loop, making additional
contacts with the dimer of WHA domains to stabilize a compact
ScpAB structure with closely juxtaposed anterior and posterior
WHB sub-domains (Burmann et al., 2013; Kamada et al., 2013)
(Figure S3A). Similarly, in MukEF, the four WH domains from
kite MukEA and MukEP are involved in contacts with a long, cen-
tral kleisin MukF peptide (Gloyd et al., 2011; Woo et al., 2009)
(Figure S3B). However, in contrast to ScpAB, the kleisin MukF
helix interacting with MukE is arranged parallel (rather than
perpendicular) to MukEA helix a1 (Figure 3C). Also, in the struc-
tures available to date, the two WHB domains are not directly
adjacent to each other, resulting in amore openU-shaped overall
fold compared with ScpAB (Figure S3B).2186 Structure 23, December 1, 2015 ª2015 Elsevier Ltd All rights reservedThe Nse1/Nse3 sub-complex stably
associates with kleisin Nse4 (Palecek
et al., 2006). Binding sites for Nse4 pep-
tides have been mapped on both Nse1
and Nse3 proteins (Guerineau et al.,
2012; Hudson et al., 2011), which is
consistent with the notion that kleisin/
kite interactions are structurally
conserved in the eukaryotic Smc5/6
complex. An amino-terminally located
Nse4 sequence motif binds to the Nse3
WHB pocket (Figure 3A), implying that
Nse3 acts as the anterior kite subunit in
Smc5/6. Future work on the intrinsically
asymmetric Nse1/Nse3 complex might
be helpful in identifying differences
between the functions of anterior and
posterior kite proteins.AlthoughmostWHBpockets inMAGEproteins appear to have
retained the capacity to interact with kleisin NSE4 or NSE4-like
proteins (Guerineau et al., 2012; Hudson et al., 2011), only
NSE3(MAGEG1) is found in Smc5/6 complexes (discussed
earlier). Generally, MAGE proteins display diverse sub-cellular
localization patterns, suggesting that many of them might
perform activities (with or without kleisin Nse4) that are unrelated
to genome maintenance (Hao et al., 2013; Pineda et al., 2015).
Although MAGE proteins are very likely evolutionarily related to
kite, most of them seem to have adopted new functions.
Recently, structures of a peripheral subunit of cohesin,
Scc3(SA2), have been solved by X-ray crystallography (Hara
et al., 2014; Roig et al., 2014). As expected from the primary
sequence, Scc3 lacks any structural similarity with kite proteins
(Figure S3). It is composed of a series of heat repeat units, which
fold into an a-solenoid. However, the mode of binding between
Scc3 and kleisin Scc1 has some resemblance to the kite/kleisin
interaction (Hara et al., 2014): both complexes are formed by the
binding of an extended kleisin peptide to a folded a-helical
globular domain, i.e. the WH domains or heat repeat proteins
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proteins might be to (temporarily or continuously) constrain an
otherwise unstructured middle segment of kleisin (Burmann
et al., 2013; Gloyd et al., 2011; Hara et al., 2014; Kamada
et al., 2013; Roig et al., 2014; Woo et al., 2009). Biochemical
work on the bacterial ScpAB complex has indicated that the
interaction of kleisin ScpA with the posterior kite ScpBP displays
low affinity, highlighting the possibility that the interaction at this
interface is regulated and may undergo cycles of binding and
unbinding reactions (Kamada et al., 2013). This may be espe-
cially relevant to any opening and closing of the DNA exit gate,
which has been identified as the SMC/kleisin-N interface in the
cohesin ring (Nasmyth, 2011). In cohesin, opening of the exit
gate is regulated by several non-SMC subunits, as well as acet-
ylation of the Smc3 head domain (Nasmyth, 2011). Intriguingly,
the posterior MukE subunit makes contacts with MukB head do-
mains in a MukBEF crystal structure (Woo et al., 2009), and the
Nse3 protein has been suggested to directly bind to the Smc6
head domain (Palecek et al., 2006). The kite proteins might
thus be ideally positioned to play a catalytic or regulatory role
in the opening and closing of the DNA exit gate. Furthermore,
binding sites for double-stranded DNA have been mapped
onto the NSE1/NSE3 heterodimer of Smc5/6, as well as to the
heat subunits of condensin (Piazza et al., 2014; Zabrady et al.,
2015), implying that DNA binding is another feature that might
be shared between the peripheral partners of SMC/kleisin
complexes.
In summary, at least three architectural features are conserved
among kite proteins: (1) the tandem arrangement of WH do-
mains, (2) the formation of homo- or heterodimers via the WHA
domain, and (3) their association with an extended central part
of a kleisin partner protein.
A Function Common to all SMC/Kleisin/Kite
Complexes?
Prokaryotic Smc proteins show higher sequence similarity to
condensin and cohesin SMCs than to Smc5/6 (discussed later).
Because inactivation of Smc/MukB and cohesin causes oppo-
site phenotypic consequences (i.e. delayed versus premature
sister chromosome disjunction, respectively) it was generally
assumed that condensin might be the closest relative of the pro-
karyotic SMC complexes. Accordingly, the latter is often referred
to as bacterial or prokaryotic condensin. The observation that
Smc/ScpAB and MukBEF might be structurally more closely
related to Smc5/6 than to condensin challenges this assumption.
Indeed, mutations in Smc5/6 cause phenotypes, which (at least
superficially) bear obvious resemblance to SMC mutant pheno-
types observed in prokaryotes.
MukBEF and Smc/ScpAB complexes are enriched in foci near
replication origins (Badrinarayanan et al., 2012; Danilova et al.,
2007; Gruber and Errington, 2009; Minnen et al., 2011; Sullivan
et al., 2009). Inactivation of MukBEF in E. coli and Smc/ScpAB
in B. subtilis has lethal consequences when cells are grown
under standard growth conditions (i.e. on nutrient-rich medium
at optimal growth temperatures). In B. subtilis, chromosome
segregation is essentially blocked under these conditions
because of a defect in the separation of replication origin regions
(Gruber et al., 2014; Wang et al., 2014). The accumulation
of aberrantly interlinked sister chromosomes is alleviated byStructureslowing down replication fork progression using chemical inhib-
itors at sub-lethal concentrations (Gruber et al., 2014). Chromo-
some segregation defects in mukB mutants are mitigated by
mutations in topoisomerase I, which increase the chromosomal
levels of negative supercoiling (Sawitzke and Austin, 2000).
Furthermore, MukBEF associates with the decatenating enzyme
DNA topoisomerase IV in E. coli (Hayama and Marians, 2010; Li
et al., 2010; Nicolas et al., 2014; Vos et al., 2013). All these find-
ings suggest a close interplay between SMC function, DNA repli-
cation and the maintenance of chromosomal DNA topology
(Hirano, 2010). Conceivably, sister chromosome junctions
arising during DNA replication (especially near the replication
origin and under conditions promoting fast DNA fork progres-
sion) might require Smc/ScpAB and MukBEF for their efficient
resolution (see later).
Smc5/6 genes were originally identified as DNA repair factors
(Lehmann et al., 1995). Most genes, however, also perform
essential functions in unperturbed cells undergoing mitotic and
meiotic cell division cycles. Smc5/6 is necessary for the stability
of stalled replication forks (Ampatzidou et al., 2006; Irmisch et al.,
2009). It enables efficient replication of long chromosomes in
S. cerevisiae, and ensures completion of DNA replication within
rDNA repeats prior to chromosome segregation, possibly by
helping to overcome topological stress within chromatin fibers
(Kegel et al., 2011; Murray and Carr, 2008; Torres-Rosell et al.,
2007). Inactivation of components of the Smc5/6 complex also
results in the accumulation of DNA-mediated linkages between
sister chromatids (sister chromatid junctions, SCJs) in yeast cells
undergoing mitotic and meiotic nuclear divisions (Bermudez-
Lopez et al., 2010; Copsey et al., 2013; Lilienthal et al., 2013;
Xaver et al., 2013). In human cells, depletion of Smc5/6 leads
to the frequent occurrence of anaphase chromatin ‘‘bridges,’’
indicating the presence of unresolved sister chromatid linkages
(Gallego-Paez et al., 2014). Genetic inactivation of Smc5/6 after
completion of DNA replication, however, does not appear to
have a major impact on the ensuing round of chromosome
segregation in yeast, possibly indicating that Smc5/6 function
is directly linked to ongoing DNA replication (Lindroos et al.,
2006). However, the degree of inactivation of Smc5/6 under
these conditions is unclear. Other experimental setups might
be needed to fully address potential roles of Smc5/6 after DNA
replication, for example during chromosome segregation.
The one function shared by all SMC/kleisin/kite complexes
might be the surveillance and efficient elimination of intercon-
nections between sister chromosomes/chromatids, whether
they be Holiday junctions, interstrand cross-links, hemicate-
nanes, precatenanes, or protein-based DNA bridges (putatively
all emerging during DNA replication) so that sister chromosomes
can be faithfully segregated during cell division. Any mecha-
nisms underlying the action of SMCduring the resolution of sister
junctions are mysterious but could possibly be related to the
extrusion of DNA loops by SMC; a process that might be stalled
at DNA–DNA contact points (Burmann and Gruber, 2015).
A Putative Scheme for the Diversification of SMC
Complexes
Phylogenetic trees depicting the evolution of SMC proteins have
previously been built based on sequence homologies within a
large and diverse set of SMC proteins from the three domains23, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2187
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Perspectiveof life (Cobbe and Heck, 2004). Together, bacterial and archaeal
SMCproteins form an SMC subfamily, as do the k-SMC subunits
in cohesin and condensin (i.e. Smc1 and Smc4) and their n-SMC
partners (i.e. Smc3 and Smc2). All these groups form compact
branches of the SMC tree and display relatively short connec-
tions to the common root. In contrast, Smc5 and Smc6 proteins
aremore dissimilar and they aremore distantly related to the pro-
karyotic and the other eukaryotic families of SMC proteins.
A similar trend can be observed with kleisins (Palecek et al.,
2006; Schleiffer et al., 2003). Subunits of the MukBEF complex
are even more dissimilar to other SMC and kleisin proteins in
terms of primary sequence.
The low sequence conservation between Smc/ScpAB,
MukBEF, and Smc5/6 is thus in striking contrast to their archi-
tectural similarity given by the common presence of SMC, kleisin
and kite subunits, and the arrangement of these proteins (Figures
1B and 1C). The fact that cohesin and condensin are more
closely related to prokaryotic Smc/ScpAB than to Smc5/6 on
the sequence level implies that Smc5/6 and its subunits have
diverged faster than cohesin and condensin from their last com-
mon ancestor (Cobbe and Heck, 2004; Schleiffer et al., 2003).
Any reasons underlying higher rates of mutation and/or reduced
sequence constraints in MukBEF and Smc5/6 are currently
unclear. Possibly, Smc/ScpAB fulfills several cellular functions,
some of which may not rely on a precisely preserved protein
sequence. Only such functions might be retained in MukBEF
and Smc5/6. Alternatively, MukBEF and Smc5/6 complexes
might have adopted new functions, creating novel selection
pressures that have driven rapid sequence divergence.
We propose that a bacterial or archaeal Smc/ScpAB gave rise
to an Smc5/6-like common ancestor of all eukaryotic SMC com-
plexes (Figures 1B and 1C), from which a cohesin/condensin
ancestor, and later cohesin and condensin, have emerged via
several gene duplication events. At some point, the symmetric
SMC and kite dimers were replaced by corresponding asym-
metric heterodimers, and additional subunits of the heat repeat
family of proteins were acquired (Doyle et al., 2010; Palecek
et al., 2006; Raschle et al., 2015) (Figure 1C). The kite subunits
were only lost from cohesin and condensin or their shared
ancestor. Much more recently, several MAGE proteins have
appeared and diverged from NSE3 (Kozakova et al., 2015).
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